Abstract Gene therapy has demonstrated the protective
Introduction
Stroke is a major acute neurological insult that disrupts brain function and causes neuron death. Ischemic injury can be categorized into two main phases, namely an energydeficient hypoxic-ischemic phase and a reperfusion phase when blood and oxygen return. During the hypoxicischemic phase, the oxygen-sensitive hypoxia-inducible factor 1α (HIF1α) is stabilized by hypoxia and heterodimerizes with the constitutively expressed HIF1β [1] [2] [3] . The HIF1α/β heterodimer binds to hypoxia-responsive elements (HREs) to activate downstream genes such as vascular endothelial growth factor (VEGF), erythropoietin, nitric oxide synthase, and glycolytic enzymes [1, 2, 4] ; this can be viewed as an adaptive defense. The initial energy crisis leads to the rapid release of glutamate in the extracellular synapse and causes increase in intracellular Ca 2+ , which in turn triggers the generation of reactive oxygen species (ROS) that crosslink and damage lipids, proteins, and nucleic acids [5, 6] . The bulk of ROS generation occurs during reperfusion [7] , and this induces a second type of adaptive defense, namely the release of transcription factor NF-E2-related factor 2 (Nrf2) from Keap1 (negative regulator of Nrf2). The released Nrf2 subsequently activates the antioxidant responsive elements (AREs) to drive expression of a number of phase II detoxification enzymes and antioxidants [8] [9] [10] .
Currently, the only United States approved therapy for the treatment of stroke is tissue plasminogen activator, which has a narrow 3-h time window and can result in secondary intracranial hemorrhage [11, 12] . Gene therapy is an exciting alternative therapeutic strategy that has demonstrated the protective potential of a variety of genes against the ischemic cascade, including genes that target the initial energy crisis (glucose transporter), antioxidant genes (catalase and glutathione (GSH) peroxidase), and antiapoptotic gene (Bcl2) [6, [13] [14] [15] . Gene transfer of neurotrophic factors such as glial-derived neurotrophic factor, nerve growth factor, and brain-derived neurotrophic factor can also promote neuron survival following stroke [16, 17] . Conventional gene therapy vectors are driven by a constitutive promoter, whose expression is uncontrolled and can sometimes cause unexpected side effects. For example, overexpression of VEGF promotes angiogenesis and enhances survival in cerebral ischemia [18] [19] [20] ; however, uncontrolled VEGF expression can result in hemangioma or tumor growth [18, 21] . One solution is to design an inducible vector such that the transgene expression can be temporally controlled and activated by the insult itself. An ideal insult-inducible vector should possess low basal transgene expression to minimize side effects and high insult-induced expression for adequate protection against ischemic injury. Previously, we have demonstrated the feasibility of insult-inducible vectors using glucocorticoid-response elements that are activated by stress [22] . Others have also utilized hypoxia-response elements (HREs) that are activated by HIF1α [19, 23, 24] . However, HIF1α has a short intracellular half-life [25, 26] ; thus, activation of HREs is maximally active only during the initial hypoxic phase, and this activation is not well maintained into the post-reperfusion period.
In this study, we have constructed an insult-inducible vector that can be activated in both phases of the ischemic injury, namely the initial hypoxia-ischemia phase and the post-reperfusion period. This allows for prolonged inducible expression throughout the insult. This vector contains multiple copies of HREs and AREs, which are activated by HIF1α and by ROS generated during hypoxia-ischemia and reperfusion, respectively. We tested the inducibility of these vectors after oxygen deprivation and hydrogen peroxide treatment. Using primary cortical cultures, we examined the neuroprotective potential of the insultinducible vector against oxygen glucose deprivation (OGD) by inclusion of the Nrf2 gene in a defective herpes virus (HSV).
Materials and Methods

Plasmid Construction
Oligonucleotides spanning the VEGF HREs (CCACAG TGCATACGTGGGCTCCAACAGGTCCTCTT) were synthesized and annealed, and multiple copies of HREs were cloned into a pGL3 vector (Promega) containing a minimal cytomegalovirus (CMV) promoter driving the luciferase gene. AREs (TAGCTTGGAAATGACATTGCTAATGGT GACAAAGCAACTTT) from the glutathione S-transferase were also cloned in a similar manner, and either 1XARE, 2XAREs, or 3XAREs were cloned into the 3XHREs vector, and 3XAREs were cloned into the 6XHREs or 9XHREs vectors. Mouse pEF-Nrf2 plasmid was kindly provided by Dr. Jawed Alam (Louisiana State University Health Sciences Center). The coding region of the mouse Nrf2 was cloned using PCR with these primers: forward 5′-AT GATGGACTTGGAGTTGCC-3′ and reverse 5′-CCG AACCTAGTTTTTCTTTGTATCTGG-3′. The Nrf2 PCR product was cloned into a replication defective HSV backbone obtained from Dr. Howard Federoff (Georgetown University).
Cell Culture
For virus production, E5 and Vero cells (CCL81, ATCC, African green monkey kidney fibroblasts) were grown in Dulbecco's modified Eagle's media (DMEM, Invitrogen) with 10% NuSerum (Collaborative Research) and 1% penicillin/streptomycin (pen/strep). For the luciferase assay and Western blot studies, COS7 cells (CRL1651, ATCC, African green monkey kidney fibroblasts) were grown in DMEM with 10% fetal bovine serum (Invitrogen) and 1% pen/strep. Cells were grown in 37°C incubators containing 5% CO 2 .
Primary Cortical Cultures
Primary cortical cultures were obtained from E18 rat embryos as described previously [27] . Cells were plated into poly-D-lysine-treated 96-well plates at a density of 60,000 cells per well and grown in minimum essential media (Invitrogen) with 10% horse serum (HyClone), TC mix (glucose and L-glutamine), and 1% pen/strep. Experiments were done on days 10-12. These mixed cultures are typically 20-30% neurons and 70-80% glia.
Generation of HSV Amplicons
We use herpes simplex virus (HSV)-based vector to express mouse Nrf2. Protocols used for the generation of HSV amplicons have been previously described [28] . Briefly, E5 cells were transfected with plasmids expressing either the inducible Nrf2 (HSV-3A6H-Nrf2), the constitutive Nrf2 (HSV-Nrf2), or control vector expressing GFP alone (HSV-GFP), using Lipofectamine (Invitrogen). Sixteen hours after transfection, E5 cells were superinfected with the helper virus d120 (multiplicity of infection=0.03). The cells were harvested 56 h later, when the cytopathic effect reached 100%. Viruses were then extracted, concentrated, and purified. The ratio of vector to helper virus ratio was 1:1.
Luciferase Assay
For inducibility studies, these pGL3-luciferase vectors were tested in COS7 cells (3H, 6H, 9H, 1A3H, 2A3H, 3A3H, 3A6H, 3A9H, or basic). Cells were transfected with these constructs in 48-well culture plates using Lipofectamine 2000 (Invitrogen), according to manufacturer's instructions. Cell lysates were collected after 24 h of hypoxia or hydrogen peroxide treatment (from 250 to 500 μM), using the Luciferase Cell Culture Lysis Reagent (Promega). For co-transfection studies with Nrf2, pEF-Nrf2 was cotransfected with the various inducible vectors and cell lysates were collected 24 h after transfection. Luciferase activities were measured using Luciferase Assay System (Promega) and a luminometer (UV Max kinetic microplate reader, Molecular Devices).
Western Blot COS7 cells in 6-well plates were transfected with the following vectors using Lipofectamine 2000: HSV-GFP, HSV-6H-GFP, HSV-3A3H-GFP, HSV-3A6H-GFP, or HSV-3A9H-GFP. Cells were exposed to 24 h of oxygen deprivation by placement in a modular hypoxia chamber. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using 10% gels containing 0.1% SDS and then transferred to immobilon-P polyvinylidene difluoride (PVDF) membrane for Western analysis by a Bio-Rad Trans-blot System. The membrane was probed with anti-GFP (sc9996, 1:1000, Santa Cruz Biotechnology) or anti-actin (A5060, 1:3000, Sigma). The protein level of actin was examined to ensure equal protein loading. The antibody reactivity was detected by enhanced chemiluminescent substrate (Amersham Pharmacia Biosciences).
Oxygen Glucose Deprivation and ABTS-ELISA Assay
Twenty-four hours before oxygen glucose deprivation (OGD), cultures were infected with HSV viruses expressing either the reporter gene, green fluorescent protein (HSV-GFP) or constitutive HSV-Nrf2 or inducible HSV-3A6H-GFP or inducible HSV-3A6H-Nrf2 vector (20000 active virions per well). On the day of OGD, cultures were washed once with balanced salt solution (without glucose) to remove trace amounts of glucose, and hypoxia was induced by placing the cultures in a modular hypoxic chamber for 6 h. Control cultures were treated the same way except placement under normoxia conditions and maintenance of normal glucose levels (5.5 mM) in the media. After 6 h of OGD, cells were reperfused with 5.5 mM glucose and returned to normoxic conditions. After cultures were reperfused for 24 h, cells were fixed with cold methanol followed by 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)-ELISA assay, described previously [27] . Briefly, cells were incubated with a neuron-specific marker microtubule-associated protein 2 (MAP2, M4403, Sigma), followed by incubation with a biotinylated anti-mouse antibody. A VECTASTAIN ABC standard kit (Vector labs, PK-6100) and an ABTS Peroxidase Substrate Kit (Vector labs, SK-4500) were then used to develop the colorimetric reaction, and the survival of cortical neurons was quantitated using a microplate reader at 405 nm. Percentage of neuron survival was determined by dividing the absorbance values of each group over GFP normal.
Immunocytochemistry
A separate group of cortical culture was treated with the same OGD insult described above. Cells were fixed with 4% paraformaldehyde and then stained with MAP2 followed by an Alexa 590-conjugated goat-anti-mouse secondary antibody to examine MAP2 staining under the fluorescent microscope. Pictures were taken using the Metamorph program, converted to grayscale, and exported to Photoshop for preparation into figures.
Statistics and Data Analysis
For all the studies, one-way or two-way ANOVA was used to examine statistical differences, followed by Bonferroni's posthoc test. All statistics were performed using the Prism 5 program.
Results
Oxygen Deprivation Activates the Insult-Inducible Vectors
Several combinations of insult-inducible cassettes were cloned into a pGL3 luciferase reporter vector (Fig. 1a) . Using a quantitative luciferase reporter assay, we tested whether hypoxia can activate these vectors. Inducible vectors were first transfected in COS7 cells, followed by exposure to 24 h of oxygen deprivation (OD). The expressions of both the vectors containing HREs alone or vectors containing ARE+ HRE vectors were induced by OD (Fig. 2a) . In HRE-alone vectors (containing 3, 6, or 9 copies of the HREs), basal expression was very low, and OD significantly increased signal (p<0.001), with the greatest effect in 6H vector (Fig. 2a) . Increasing numbers of HRE did not result in a copy-dependent increase in the inducibility, as 9H exhibited lower luciferase activity. However, addition of the AREs greatly enhanced the inducibility, with 3A6H (i.e., 3 copies of the ARE and 6 of the HRE) exhibiting the highest luciferase activity after OD (Fig. 2a) .
Hydrogen Peroxide Treatment Dose-Dependently Activates the Insult-Inducible Vectors
We next tested whether these inducible vectors can be activated by hydrogen peroxide (H 2 O 2 ), a form of ROS. As would be expected, hydrogen peroxide treatment (250 and 500 uM) only activated ARE-containing vectors and had no effect on vectors with HREs alone. Inducibility was observed in 1A3H vector, and increasing copies of ARE led to higher luciferase activity (Fig. 2b) . The inducibility was the greatest with 3A3H and decreased when there were more HREs (3A6H and 3A9H). Hydrogen peroxide treatment (250 and 500 uM) caused a dose-dependent increase in the inducibility in most of the ARE-containing inducible vectors (Fig. 2b) .
Nrf2 Specifically and Potently Activates ARE-Containing Inducible Vectors
Nrf2 is a transcription factor activated by ROS [8] [9] [10] . To test the specificity and the potency of Nrf2 on our insultinducible vectors, COS7 cells were transfected with both Nrf2 and the insult-inducible vectors. Co-transfection of Nrf2 caused a potent inducibility in all but the 1A3H vector. The highest inducibility was observed in 3A6H vector (Fig. 3) ; activation was~400% higher than control vector (driven by constitutive CMV promoter). Nrf2 did not activate vectors with HREs alone. This indicates that Nrf2 can specifically activate the ARE promoters.
Activation of Insult-Inducible Cassette in HSV Vectors
Next we cloned the inducible cassette (6H, 3A3H, 3A6H, or 3A9H) into a defective HSV backbone driving the green fluorescent protein (GFP) (Fig. 1b) . We first tested whether the insult inducibility is maintained in the HSV backbone by examining GFP expression after 24 h of oxygen deprivation in COS7 cells. Figure 4a shows representative images of inducible HSV-3A3H, HSV-3A6H, and HSV-3A9H vectors driving GFP in normal and oxygen-deprived Fig. 2 Inducible pGL3-luciferase vectors are activated by hypoxia and ROS. a HREs alone vectors (3H, 6H, 9H), ARE+HRE vectors (1A3H, 2A3H, 3A3H, 3A6H, 3A9H) and basic control vector (b, promoterless) were transfected into COS7 cells and exposed to hypoxia (24 h of OD). Luciferase assay showed that hypoxic condition significantly increased luciferase activity in all inducible vectors. ***p<0.001, two-way ANOVA with Bonferroni's posthoc test indicates significant difference between normal and OD condition in each vector group, n=4 per group. b Same inducible cassettes were transfected into COS7 cells and exposed to ROS for 24 h (hydrogen peroxide, 250 or 500 uM). Luciferase assay showed that hydrogen peroxide treatment significantly increased luciferase activity in AREcontaining vectors. Two-way ANOVA with Bonferroni's posthoc test indicates significant difference between 0 and 250 uM groups (**p< 0.01, ***p<0.001) and between 250 and 500 uM (ϕ<0.001), n=4 per group COS7 cells. Western blot analysis with anti-GFP antibody showed that these HSV inducible vectors can be highly induced after oxygen deprivation, especially in ARE+HRE vectors (Fig. 4b) . The inducibility profile is very similar to what we observed in the pGL3-luciferase backbone (Fig. 2a) .
Inducible Vector Driving Nrf2 Protects Neuron Death from Oxygen Glucose Deprivation
To test the neuroprotective potential of the insult-inducible vector, we cloned the inducible cassette 3A6H in a defective HSV backbone driving Nrf2 expression (HSV-3A6H-Nrf2). The neuroprotective potential of HSV-3A6H-Nrf2 was compared to the control constitutive vector driving GFP (HSV-GFP), the control inducible vector driving GFP (HSV-3A6H-GFP), and the constitutive vector driving Nrf2 (HSV-Nrf2) (Fig. 1b) . The 3A6H vector was chosen because of its low basal expression and high inducibility. We chose to express Nrf2 under the inducible promoters for two reasons: (1) Nrf2 has been previously shown to protect against oxidative stress and cerebral ischemia [29] [30] [31] [32] [33] , and (2) Nrf2 can also activate the inducible vector, resulting in a self-amplifying vector. Using primary cortical cultures, we tested whether the self-amplifying inducible HSV-3A6H-Nrf2 can protect neuron death in an oxygen glucose deprivation (OGD) model. HSV-3A6H-Nrf2 was able to protect against neuron death in OGD, when compared to the constitutive or inducible GFP controls. This protection was similar to the protective potential from the constitutive Nrf2 (HSV-Nrf2) (Fig. 5 ). We have also tested the HSV-3A9H-Nrf2 against OGD and it showed similar level of protection as the HSV-3A6H-Nrf2 (data not shown). Cortical neuron survival was measured using an ELISA with a neuron-specific marker microtubule-associated protein 2 (MAP2).
Discussion
We have successfully constructed an insult-inducible gene therapy vector using a combination of HREs and AREs, which can be activated by both HIF1α and ROS generated during ischemia/reperfusion injury, respectively. In contrast to the HRE-alone vector, our ARE+HRE vector system is advantageous in that it allows the expression of a transgene to be activated not only during hypoxia but also maintained after reperfusion, thus prolonging the transgene expression during an ischemic insult. Among the various combinations of the HREs and AREs, 3A6H provided the highest insult Fig. 4 Inducible cassettes in HSV vector driving GFP are activated by hypoxia. HRE-alone vector (6H) and ARE+HRE vectors (3A3H, 3A6H, 3A9H) were transfected in COS7 cells and exposed to hypoxia (24 h of OD). a Representative images of inducible HSV vectors during normal and hypoxia (OD). b Western analysis showed that hypoxia (OD) induced GFP expression in all vectors, with higher expression in 3A6H and 3A9H inducible vectors. The protein level of actin was assessed to ensure equal protein loading Fig. 3 Nrf2 specifically activates ARE-containing inducible pGL3-luciferase vectors. ARE-HRE vectors (1A3H, 2A3H, 3A3H, 3A6H, 3A9H), HRE-alone vector (3H), and constitutive control vector were co-transfected with a plasmid expressing Nrf2 (pEF-Nrf2). Luciferase assay showed that Nrf2 potently activates ARE-containing vectors, especially with two or more copies of AREs. ***p<0.001, two-way ANOVA indicates a significant difference between Nrf2 and no Nrf2 groups. ϕ p < 0.001, one-way ANOVA indicates a significant difference between inducible vectors and control vector in the Nrf2 group, n=6 per group inducibility. Other groups have previously demonstrated the use of multiple copies of HREs to drive expression of protective genes [19, 23, 24, 34] . A recent study reported the use of AREs from heme oxygenase-1 for oxidative stress-induced gene therapy in non-neuronal cells [35] . In our study, we constructed an insult-inducible vector that can be activated by both hypoxia and ROS. The addition of AREs to HRE constructs greatly enhanced their inducibility with low basal expression, which is an ideal feature of an insult-inducible gene therapy vector. Moreover, we generated a self-amplifying version of the inducible 3A6H vector by expressing the transcription factor Nrf2, such that Nrf2 can activate the ARE enhancer, resulting in further Nrf2 expression. Using primary cortical cultures, we showed that the HSV-3A6H-Nrf2 inducible vector can protect neurons against OGD.
We observed that increasing copy numbers of the enhancer does not guarantee higher inducibility. In both HRE-alone and ARE+HRE vectors, the inducibility increased from 3H to 6H, but expression began to drop in 9H (Figs. 2 and 3) . It is likely that we have already reached maximal activation with 6H, such that any additional HRE could not increase further expression; it is not clear why there was, in fact, reduced expression with 9H. The inducibility of these constructs is also dependent on the insult model used. For example, although 3A6H had the greatest expression during OD (Fig. 2a) , its inducibility was lower than the 3A3H after H 2 O 2 treatment (Fig. 2b) . The lower inducibility of 3A6H after H 2 O 2 treatment could be due to the distance between the enhancer and the transgene. Since the constructs were built in the order of ARE-HREtransgene ( Fig. 1) , it is possible that the additional HREs increased the distance between the ARE and the transgene, thereby making the ARE less effective as a transcriptional enhancer.
During normoxia, HIF1α is quickly degraded by ubiquitination and proteasomal digestion [1, 2, 4, 36] . Hypoxia inhibits this degradation and stabilizes HIF1α to activate HREs and drive hypoxia responsive genes. Similar to HIF1α, ROS also cause the activation of a stretch of DNA known as the ARE, which drives a number of phase II detoxification genes and antioxidants [8] [9] [10] 29] . Nrf2 is considered as one of the major transcription factors for the ARE [8, 10] . Over-expression of Nrf2 or application of Nrf2-inducing agent tert-butyl-hydroquinone has been shown to protect neuron death from glutamate excitotoxicity, oxidative stress, ischemic injury, and neurodegenerative diseases [30-33, 37, 38] . Nrf2 knockout mice also had larger infarcts and greater neurological deficit, and this was partly due to the accumulation of ROS in these Nrf2-deficient mice [39] . Thus, we chose Nrf2 as our protective gene because it can protect against a number of insults, as well as capable of boosting its own expression via an Nrf2-ARE positive feedback.
A potential defense against ROS is the induction of phase II detoxification genes and antioxidants, which are downstream genes activated by Nrf2 binding to the ARE [8, 10] . This antioxidant response preferentially occurs in glia, yet can protect neurons against oxidative stress, possibly by the release of glutathione (GSH) and/or GSH precursors from glia [31, 33] . Although the level of Nrf2 is lower in neurons, the ARE and its downstream pathways are still intact [31, 33] . In this study, we used a neurotrophic herpes simplex virus (HSV) to over-express Nrf2, thus increasing the level of Nrf2 in neurons to activate the antioxidant pathways in neurons. As HSV mainly infects neurons [40, 41] , the protection we observed against OGD is likely due to the effect of Nrf2-ARE pathways in neurons. However, a small percentage of the glia is infected (~5%), which could also contribute to the protection we observed.
An ideal insult-inducible system should provide the following advantages: (1) the inducible vector should have low or no expression when there is no insult, minimizing unexpected side effects caused by uncontrolled constitutive expression. Some protective genes such as VEGF [21] can have adverse effects when introduced during normal conditions; (2) the inducible vector should be quickly activated when endogenous signals are released during an insult, and expression should decrease when the endogenous signals subside; (3) the extent of inducible expression should be high enough to afford protection. Our insultinducible 3A6H vector provides most of these advantages. It possesses low or no expression when there is no insult, and its expression can be activated by endogenous signals released during hypoxia and oxidative stress. Most importantly, the inducible Nrf2 expression is sufficient to decrease neuron death after OGD. The expression of inducible vectors should be quickly activated during hypoxia since HIF1α can be released within a few hours after hypoxia onset [26, 42, 43] . Using the luciferase reporter system, we observed that our ARE-HRE inducible cassette can induce luciferase expression after several hours of hypoxia (data not shown). It is important that a protective gene can be activated in the early phase of neuron death after an insult, as it increases not only the chance of a neuron surviving but of its function being maintained as well [44] . As the incidence of stroke is unpredictable, it would be ideal to administer such insultinducible vector prior to an ischemic event in individuals who are at high risk for cerebrovascular diseases or even individuals undergoing surgical procedures that may cause reduction of cerebral blood flow. The insult-induced protective gene should then be quickly activated to provide neuroprotection. Future studies will assess the inducibility and neuroprotective potential of this inducible vector using an in vivo hypoxic-ischemic model.
Conclusion
We have constructed a novel insult-inducible selfamplifying gene therapy vector that is highly activated by both hypoxia and oxidative stress. Using an in vitro oxygen glucose deprivation model, our inducible vector system can protect against neuron death and achieve similar neuroprotective potential as constitutive vectors, while being advantageous because its expression can be controlled by endogenous signals released during ischemia/reperfusion injury. This insult-inducible vector can be a potential therapeutic gene therapy tool for activating therapeutic/ protective genes in cerebrovascular diseases.
